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Laboratoire Proce´de´ d’Inge´nierie Me´canique et Mate´riaux (PIMM)—Arts et Me´tiers ParisTech, Paris, France
In this study, the fatigue behavior of polyamide 66 rein-
forced with short glass ﬁbers and especially the role of
glass ﬁbers has been investigated under two kinds of
cyclic loading. tension–tension fatigue tests with stress
controlled and alternative ﬂexural fatigue test with
strain controlled were carried out. The main topics
include microscope damage observation, described by
ﬁber/matrix debonding and interfacial failure, endur-
ance limit with Wohler curves, effect of self-heating
temperature. For both tests, the surface temperature
increases with an increasing applied load. The results
show that the self-heating has an important effect in
the failure point where the Wohler curves join each
other. The fracture surface was analyzed by scanning
electron microscope for both applied loads. The stress
ratio is 21 for alternative ﬂexural fatigue test and 0.1
and 0.3 for tension–tension fatigue test ones at fre-
quencies ranging 2–60 Hz. POLYM. COMPOS., 33:540–547,
2012. ª 2012 Society of Plastics Engineers
INTRODUCTION
Nowadays, the industry is strongly demanding data on
fatigue behavior of polymers particularly reinforced poly-
mers because of their good performance. The main rea-
sons are economical price and low density that could help
to save energy and reduce greenhouse gas emissions [1–
4]. Glass ﬁbers reinforced polyamides have many applica-
tions in automotives parts (under hood, engine air intake
manifold, cooling fan housing), railway industry (train
compound, railway tie insulators), safety parts in sports
(some parts of snowboard), and electrical parts (connec-
tivity). These composites are usually known for their high
stiffness and resistance in fatigue [2].
There are several parameters that affect the fatigue behav-
ior of glass ﬁbers reinforced polyamides composites such as:
c Manufacturing process (skin-core morphology of the
polymer matrix, orientation, and concentration of the
ﬁbers).
c Environmental conditions (moisture, temperature, oxygen,
and UV).
c Parameters that are related to the materials such as ma-
trix nature, percentage of the ﬁbers, ﬁber length, and
strength of the ﬁber/matrix interface resistance between
ﬁber and matrix nature [5–10].
A strong chemical bonding between ﬁber and matrix
leads to a rather good improvement of thermal or static
mechanical properties [11].
The applied parameters such as loading amplitude and
frequency could also affect the fatigue behavior, for
instance in a fatigue test, crack propagation rate depends
on the loading level and frequency. At frequencies below
1 Hz and room temperature, the mechanism of crack
propagation is very low. By increasing the frequency, the
molecular motion will increase and self-heating phenom-
enon will occur, resulting from energy dissipation [12,
13].
Handa et al. [14] compared frequencies from 5 to 50
Hz and observed that increasing the frequency decreases
the fatigue life time. Zhou and Mallick [7] studied the
inﬂuence of frequency during the fatigue test of nylon 66
reinforced with 30% glass ﬁbers and concluded that for
the frequency [2Hz, the progressive increase in the fre-
quency decreases the life time.
Horst and Spoormaker [15] showed that for polyamide
6 reinforced with 30% glass ﬁber, temperature increases
even at a frequency of 1 Hz. They demonstrated that for
lower frequencies, creep has a negative effect on life
time.
By increasing the frequency, the molecular motion will
increase, and hence we will have self-heating phenom-
enon, owing to the energy dissipation. Self-heating tem-
perature can decrease the fatigue life time [16].
Kajiyama and Takahara [17] have demonstrated the de-
pendence of temperature rise to frequency and stress level
with the following equations:
HT ¼ pfE00nle2av (1)
where HT is hysteresis loss, eav is average strain, f is fre-
quency, and E00nl is the nonlinear loss modulus. Supposing
that:
eav ¼ emax
2
¼ rmax=2
E
(2)
and E  E0, the Eq. 1 becomes:
HT ¼ pfE00nl rmax
2
8: 9;=E0h i2 (3)
where emax is the maximum strain and rmax is the maxi-
mum stress. The arrangement of Eq. 3 gives us:
DT ¼ pL
K
 
f
E00
E02
8>: 9>; r
2
8: 9;2 (4)
where DT is temperature rise, K is the heat transfer coefﬁ-
cient, and L is the length of the specimen. According to
this equation, the temperature variation depends directly
on stress.
The moisture content also affects the matrix behavior
and consequently the mechanical properties [18] of this
composite; it weakens the interface between ﬁber and ma-
trix [15, 19].
In glass ﬁber reinforced polyamides, mechanical prop-
erties depend highly on the orientation and concentration
of the ﬁbers [20, 21].
As the composite materials are heterogeneous, crack ini-
tiation can be induced by a lot of factors. Generally, there
are some pre-existing defects in each material that could be
generated during the processing and it is impossible to pro-
cess at an industrial scale, composite with polymer matrix
without any micro defects. For this kind of material and
especially for unnotched/ nonprecracked specimens, defect
initiation represents an important portion of the fatigue total
life. It is still a problem to understand the fatigue behavior
in case of tests in which the stress is not too high and most
of the past studies are about crack propagation [22] which
are based on the Paris law [23]. Hence, it is important for
researchers to study the crack initiation period.
Bowden and Young [24] have proposed a mechanism
on a morphological scale, based on the cavitation phe-
nomenon, for semi-crystalline polymers. According to
them, when the stress is applied in the elastic domain, the
interlamella separation involves a local variation of vol-
ume that can eventually lead to cavities in the amorphous
phase. If the stress is applied in the plastic domain, the
crystalline phase can also deform. This is the shearing of
crystalline lamellae.
Horst [19] studied the plastic deformation in composite
and reports: crack initiation occurs in zones where the
stress concentration is high, usually at ﬁber ends where
the coupling agent is not much present and it spreads
along the walls of the ﬁbers. This cavity formation is par-
ticularly affected by the hydrostatic component of stress
[25, 26]. These cavities grow and create an internal ten-
sion stress and this stress can promote the formation of
new cavities and new areas of debonding between ﬁbers
and matrix. Following this debonding, the load passed on
to the ﬁber will be lower; the local stress in the matrix
increases and induces the matrix deformation [19, 27].
Hertzberg and Manson [10] reported that fatigue dam-
age initiates from debonding of the ﬁbers that are perpen-
dicular to the load axis. All these kinds of defects could
happen easily in one heterogeneous matrix and these
defects during the fatigue test could constitute weak
points. The weak points in the glass ﬁber reinforced poly-
mer are at the interface between ﬁber and matrix and the
applied load can induce the build-up of cavities.
Many other mechanisms can occur just before the frac-
ture such as ﬁber debonding, ﬁber breakage, shear crack
formation along ﬁbers, plastic deformation, microcrack
and void craze development and coalescence, matrix frac-
ture and crack branching [28].
During fatigue test of these materials under alternative
loading, when the initial stress is not too high, the fre-
quency is between 10 and 20 Hz and the life time is
between 10,000 and 500,000 cycles, the microcracks will
be formed in the sample under maximum stress. The con-
centration of the cracks will increase until the fracture.
For this part of Wohler curve, one can distinguish three
different stages during a fatigue test [29] as follows:
The ﬁrst stage corresponds to the introduction of a
thermal regime associated with reduction of material stiff-
ness. In general, for a fatigue test with a 10 Hz frequency
at room temperature, the number of cycles in this area is
\1,000 cycles.
The second stage is the period of crack initiation or
defect formation. For amorphous polymer like polystyrene
[30], the characteristics of the material do not change sig-
niﬁcantly in this zone. For a small value of the applied
load, this period can be very long. For pure polymers,
more than 80% of the lifetime of materials is deﬁned in
this second stage. During this period, presites accumulate
in most localized area but their effect is only to decrease
very slowly the induced stress until they reach a critical
concentration [31].
The third zone is a period of coalescence of the cracks,
then propagation. The fracture always happens at the end
of this zone. Most of the past studies focused on this pe-
riod and explained the physical and mechanical phenom-
enon involved in it [30–32].
To have a deep understanding and to clarify the effect
of various kinds of applied loads on fatigue crack initia-
tion in glass ﬁbers reinforced polyamides, two kinds of
applied loads have been investigated in the present study.
MATERIALS AND EXPERIMENTAL PROCEDURE
The specimens for fatigue tests were injection moulded
from polyamide 66 reinforced with 30 wt% glass ﬁber
and containing a black pigment ideal for the automotive
under hood parts. It was provided by Rhodia, France.
Glass ﬁbers were sized with a speciﬁc coupling agent for
polyamides. The ﬁber length is between 100 and 300 lm.
Dogbone tensile type specimens according to the ISO
3167 standard with length of 150 mm, 10 6 0.2 of small
widths, 20 6 0.2 of large width, and 4 6 0.2 thicknesses
were injection molded from our material. The samples
were injected by injection machine DK Codim 175 t press
using a ﬁll closed loop system using a holding pressure of
100 MPa, the maximum melt temperature of 2908C, a
mold temperature of 808C and a cooling time of 5 s.
Young modulus is E ¼ 2040 6 185 (MPa), ﬂexural mod-
ulus is E ¼ 8000 6 70 (MPa), and ultimate stresses for
tension and ﬂexion test are rRtension ¼ 160 6 10 (MPa)
and rRﬂexion ¼ 240 6 3 (MPa).
The viscoelastic spectrum was performed at 10 Hz and
temperature varied from 210 to 1608C with temperature
rise rate of 58C/min, dynamic force of 2 N, and an ampli-
tude of 30 lm using D.M.T.A. with three-point bending
device. The glass temperature is Tg ¼ 558C, it is meas-
ured from the maximum point of the curve of loss modu-
lus (E00). Generally this value is close to the one measured
by D.S.C. The loss modulus (E00) at 428C is 343 (MPa).
The density is 1,409 6 13 (kg/m3).
The ﬁber ratio is determined after 3 h pyrolysis at
7008C. The fraction crystallinity is 35 6 4%. It was
measured by Differential Scanning Calorimetry experi-
ment (NETZSCH DSC-Q10) using the ratio DHmDHcm
where
DHm is the experimental value of melting enthalpy and
DHcm the melting enthalpy of the 100% crystalline poly-
mer, DHcm ¼ 192 J/g [33].
All mechanical tests were performed at 248C and at
relative humidity of 50% (air-conditioned room) and the
specimen contains 0.1% of water. Tensile and ﬂexion
properties were carried out with Instron 5881 machine
with 10 KN load cell. Fatigue tests were conducted using
a uniaxial, hydraulic, digital-controlled fatigue MTS 830
elastomer test system machine (tension–tension fatigue,
TTF test, R ¼ 0.1 or 0.3) and an alternative bending de-
vice (alternative ﬂexural fatigue, AFF test, R ¼ 21) at
frequencies ranging between 2 and 60 Hz. The amplitude
choice depends on the performance of the machine and
the dimensions of specimen. The AFF test is conducted
by applying strain on the specimens. The self-heating
temperatures of fatigue tests were measured in speciﬁc
area (maximum temperature) by infrared thermometer
(Raynger-MX4). Observation under an optical microscope
shows that the majority of the ﬁbers are oriented in the
direction of injection, even in the core of the sample [18].
The fracture surfaces were analyzed by Hitachi S-4800
Scanning Electron Microscope (SEM) with a potential
acceleration of 0.8 KV.
RESULTS AND DISCUSSION
Wohler Curves
The Wohler curves obtained from TTF and AFF tests
for the frequencies of 2, 10, and 20 Hz are shown in Figs.
1 and 2. The following comments can be made with the
results obtained from these graphs:
Effect of Loading Amplitude. In all curves, one can
generally distinguish two different zones related to the
high (Zone-I) and low loading amplitude (Zone-II). In
Zone I, the curves for different frequencies are nearly
superimposed and there is no signiﬁcant difference
between 10 and 20 Hz Wohler curves. These two frequen-
cies have the same effect on fatigue behavior of the sam-
ple. For TTF test, this zone corresponds up to 104 cycles.
For AFF tests, there is practically no difference between
the curves of 2 and 10 Hz. These two curves are perfectly
superimposed, but the Wohler curve obtained with 20 Hz
starts deviating with respect to the other two frequencies
from 103 cycles onward. At the end of the Zone-I, the
two curves start deviating. Figure 3 shows applied strain
versus number of cycles to failure in AFF tests.
Bellemare [27] divided the Wohler curve for polyam-
ide 6 nano composite in two regimes. The ﬁrst part called
high-stress regime or thermal regime (when the stress is
high and fatigue life is \200,000 cycles) and the second
part called mechanical regime (when the stress is high
and fatigue life is[200,000 cycles).
Effect of Frequency. For the two types of tests (TTF
and AFF), in Zone-II, the curve corresponding to the 10
Hz frequency is located above the one which corresponds
FIG. 1. Wohler curves in TTF tests for the frequencies of 10 and 20
Hz, r is the applied stress and Nr is the number of cycles at fracture.
FIG. 2. Wohler curves in AFF tests for frequencies of 2, 10, and 20
Hz, R ¼ 21.
to the 20 Hz one. On the other hand, the lifetime of the
sample tested at 20 Hz is smaller than the one tested at
10 Hz. For the same initial induced stress, the number of
cycles in fracture with a 20 Hz frequency is smaller than
the one for 10 Hz and this difference is signiﬁcant when
the initial induced stress decreases. In the case of AFF
tests, this difference is not very clear between 2 and 10
Hz. However, for all cases, the frequency has a determi-
nant role in lifetime of the sample and an increasing fre-
quency decreases the lifetime [34, 35]. This phenomenon,
in fact, is owing to the self-heating during fatigue test
(Fig. 4). As one can observe, there is not a signiﬁcant
change in the temperature up to 500 cycles. The tempera-
ture increases rapidly from room temperature to 558C up
to 4,000 cycles. It remains practically constant up to
20,000 cycles; it continues to increase till 628C before the
fracture. It is interesting to study the change in stress. It
varies similarly to the temperature curve but in the oppo-
site direction. The ﬁrst fall of stress is in the zone where
the temperature increases which corresponds to self-heat-
ing. This zone corresponds to the glass transition zone of
composite. Before this zone, the amorphous phase is in
glassy state and after this zone it is in rubbery state. The
fall of stress in this zone corresponds to this change of
physical state. To show the role of frequency, the temper-
ature variation of the specimen surface was measured dur-
ing the test with 10 and 20 Hz (TTF) and with 2, 10, and
20 Hz (AFF) for almost the same number of cycles at
fracture (that means under the same level of loading). The
results are shown in Figs. 5 and 6. One can clearly see
that self-heating is more pronounced for 20 than 10 Hz
for two types of tests. For TTF test, the temperature rises
from room temperature up to 558C when the frequency is
10 Hz but when the later is 20 Hz, it increases up to
908C before fracture. For AFF test, we can see the same
tendency. During this type of test, self-heating is not
prominent when the frequency is 2 Hz. The temperature
increase is only equal to 108C before the fracture. Previ-
ous experience has shown that when the glass ﬁbers are
uncoated, the temperature rise is signiﬁcantly higher even
at a frequency of 10 Hz [35].
Effect of Type of Loading. By comparing the Wohler
curves in AFF and TTF tests for two frequencies, one can
show that the shape of the curves is not the same (Fig. 7).
The shape of Wohler curves changes with respect to the
change in the stress direction. For the same frequency,
the curve obtained by TTF test is below the one obtained
by AFF test. For higher values of stress, the difference
between two curves is very important. But they have
practically the same endurance limit. The curves come
closer for lower values of stress. To understand the reason
why the Wohler curves join in TTF and AFF test, the sur-
face temperature was measured during both tests involv-
ing almost the same number of cycles at break, 104 and
106 cycles (Figs. 8 and 9). The comparison of temperature
rise in Fig. 8 shows that for the same fracture number of
cycles, the increase in self-heating temperature in TTF
FIG. 3. Applied stress in AFF tests versus number of cycles to failure.
FIG. 4. Induced stress and surface temperature of a PA66/GF sample
tested at 10 Hz in AFF e0 ¼ 0.017, versus the number of cycles.
FIG. 5. Surface temperature of a PA66/GF sample tested in TTF at 10
and 20 Hz, r0 ¼ 66 MPa versus the number of cycles.
FIG. 6. Surface temperature variation during AFF tests at 2, 10, and 20
Hz, correspond to e0 ¼ 0.019.
test is higher than in AFF test. In this zone, the stress in
TTF test is smaller than the stress in AFF test. In general,
for both Wohler curves when the value of stress increases,
the self-heating temperature also increases. For the endur-
ance limit (without fracture), there was no increase of
temperature and there was no damage in the surface. As
it refers to the comparison of stress in two directions and
as in TTF test all ﬁber–matrix interphases are involved,
the self-heating temperature is greater than the one in
AFF test. They start to increase in the same way until
2,000 cycles and after that, these two curves separate and
for two frequencies (10 and 20 Hz) the results obtained
are the same.
Figure 9 shows that there is a lag between two curves
because of the little difference between the values of
stress (rT–T ¼ 66, rF–A ¼ 74). In the joining point of
both curves, when the value of stress is nearly the same,
the self-heating temperatures increases in a similar way
and the values of these temperatures are almost the same.
After the joining point, there is no fracture in the speci-
mens until 107 cycles. Indeed, the temperature rise
depends on different parameters such as frequency and
loading amplitude.
Figure 6 also shows this dependence; the surface tem-
perature increases by following the same trend. In fact, in
TTF test, the matrix located between ﬁbers parallel ori-
ented to the applied load, is more involved than in AFF
test. For AFF test, these are the interfaces between ﬁber
and matrix which are the most involved. To enhance the
reasoning, the AFF test of polyamide 66 without additives
(matrix) is carried out and Wohler curve is compared
with that composite (Fig. 10). As we can see in the Woh-
ler curve of PA 66, after six 105 cycles, the plateau was
observed and this zone is nearly the same for Wohler
curve in TTF test.
Self-Heating
To understand the effect of frequency on life time and
the role self-heating, different TTF tests are performed at
various frequencies (Fig. 11). The temperature for the fre-
quencies from 30 to 60 Hz, R ¼ 0.3 keeps on increasing
indeﬁnitely until fracture. At 20 Hz, it increases until
458C and after that, it remains stable until 107 cycles. In
this test, there was no fracture before 107 cycles. As
shown in Fig. 11, the temperature rise is faster with an
increasing frequency. At 60 Hz, the life time is short and
it is governed by thermal fatigue, between 50 and 30 Hz
the number of cycles at break decreases linearly with an
increasing frequency but the maximum temperature is sta-
ble between 60 and 40 Hz. For the high frequencies, a
coupling effect of thermal fatigue and mechanical fatigue
was observed, Fig. 12; but for low frequencies, it exists
just as an effect of mechanical fatigue.
Fractography by SEM
With an aim of comparing fatigue tests in two direc-
tions, the fracture surfaces have been observed by scan-
ning electron microscope. The number of cycles in frac-
FIG. 7. Wohler curves at 20 Hz in TTF and AFF tests.
FIG. 8. Increasing surface temperature for two fatigue tests performed
in TTF (rmax ¼ 66 MPa) and AFF (rmax ¼ 91 MPa) tests at 20 Hz.
FIG. 9. Increasing surface temperature for two fatigue tests performed
in TTF (rmax ¼ 66 MPa) and AFF (rmax ¼ 74 MPa) at 10 Hz.
FIG. 10. Wohler curves of PA 66 and PA66/GF in AFF tests at 10 Hz.
ture is nearly the same and hence it is the same area in
Wohler curves. Figure 13a and b shows the fracture sur-
face of specimen in TTF test. In fractography of surface
in TTF test, different areas are distinguished; bared ﬁbers
surounded by matrix show the good properties of ﬁber/
matrix interface, matrix plastic deformation and broken
ﬁbers. For this test, the surface temperature increases until
908C. The fracture surface after a fatigue test shows that
the matrix is around the bared ﬁbers. The reason being
the rise in self-heating temperature which allows the ma-
trix to reach the rubbery state. In the rubbery state, the
molecular motion will increase, the modulus decreases,
and the matrix becomes softer and in coalescence stage it
remains around the ﬁbers.
Figure 14 shows the tensile test in room temperature
(a) and 908C (b): When the static test is carried out at
room temperature, the matrix does not remain around the
ﬁbers and we observe a brittle fracture (Fig. 14a). As
shown in Fig. 14a, there is just a part of matrix in root
ﬁbers and there is no interphase. The matrix cracks have
a brittle behavior and there is no surface temperature rise
during the test. After a tensile test at 908C, we observed a
ductile fracture (Fig. 14b). As shown in Fig. 14b, when
tensile test is performed at 908C the matrix is in rubbery
state, and hence it will be souronding the ﬁbers and the
thickness is between 30 and 45 lm. Figure 15 shows the
fracture of the surface in AFF test; several areas are dis-
tinguished: streaks in the matrix owing to the effect of
fatigue test, broken ﬁbers, pulled out ﬁbers, and cavities
appear around the ﬁbers (Fig. 15a). The surface tempera-
ture in this test increases until 708C. In AFF test too, the
self-heating temperature allows the matrix to reach a rub-
bery state but the matrix does not remain around the
ﬁbers.
CONCLUSION
The Wohler curves display two zones related to the
high (Zone I) and low loading amplitude (Zone II). In
Zone I, the curves for various frequencies are nearly
superimposed, whereas in Zone II the curve location is
lower when the frequency increases. For the same maxi-
FIG. 11. Surface temperature variation induced by self-heating during
TTF test, rMax ¼ 72 MPa–rMin ¼ 21 MPa (R ¼ 0.3) at various frequen-
cies (20–60 Hz).
FIG. 12. Frequency variation (20–60 Hz) and maximum temperature
versus the number of cycles at fracture, rMax ¼ 72 MPa–rMin ¼ 21 MPa
(R ¼ 0.3).
FIG. 13. (a) SEM of fatigue failure surface in the subskin position of a
sample tested in TTF at 20 Hz, rmax ¼ 66 MPa, 10 l scale. Sheath of
matrix is observable around the ﬁber. (b) SEM of fatigue failure surface
of a same sample tested as in (a) (TTF at 20 Hz, rmax ¼ 66 MPa) 50 l
scale.
mum induced stress, the lifetime is smaller when the fre-
quency increases, owing to the self-heating effect. The
shape of the Wohler curve in AFF test is different from
the one of the TTF test. It changes with the change in
loading direction, owing to the glass ﬁber orientation in
the specimen. As the glass ﬁbres are oriented parallel to
the loading direction, all the matrix/glass ﬁber interfaces
are involved in TTF tests but it is not the case for AFF
test. In tension–tension loading, the matrix is much more
stressed and that is the reason why the shape of the Woh-
ler curves looks like the Wohler curve of the neat matrix.
For a same number of cycles at break, the temperature
rise induced by self-heating is higher in TTF test than in
AFF test. The self-heating effect has been studied by ten-
sion–tension tests with frequencies ranging between 20
and 60 Hz. For low frequencies, there is only an effect of
the mechanical loading and for high frequencies a cou-
pling effect of mechanical and thermal fatigue is
observed. The failure surface of samples tested in TTF
displays bared ﬁbers surrounded by matrix (which demon-
strates the good interface quality), the plastic deformation
of the matrix and broken ﬁbers. In AFF test, the self-heat-
ing temperature allows the matrix to reach a rubbery state
but the matrix does not remain around ﬁbers.
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ABBREVIATIONS
AFF Alternative ﬂexural fatigue
TTF Tension-tension fatigue
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